Background and objectives Recent understanding of extrarenal production of calcitriol has led to the use of more vitamin D supplementation in CKD populations. This paper reports the effect of cholecalciferol supplementation on calcium absorption.
Introduction
It was previously believed that the kidney was the sole site of 1-a hydroxylase activity; therefore, there was no role for supplementing CKD patients on dialysis with vitamin D, because it would not be metabolized to the active form [1, 25(OH) 2 D] . Because the recent extrarenal metabolism and actions of vitamin D have been explored (1), there is a growing interest in using vitamin D supplementation (ergocalciferol or cholecalciferol) in patients with CKD (2, 3) . In fact, the Kidney Disease: Improving Global Outcomes guidelines recommend using vitamin D in vitamin D-deficient patients in CKD stages 3-5D (2) . Although the clinical benefits in these patients have not been defined by many randomized controlled trials, observational studies have found an association between low 25(OH)D levels and mortality (4) . Exploratory studies in patients with CKD have found that supplementation with vitamin D has resulted in reduced circulating levels of inflammatory proteins (5) , improved glycemic control (6) , and reduced need for erythropoiesis-stimulating agents (7, 8) .
However, despite the potential benefits of vitamin D supplementation, there is also a concern that it may lead to hypercalcemia and ectopic calcification by raising 1,25(OH) 2 D levels (9) and increasing active intestinal calcium absorption (10) .
Previous vitamin D dose response studies in dialysis patients have used average daily doses between 1500 and 3300 IU (11) (12) (13) to raise 25(OH)D levels to levels that are acceptable for a healthy person (31-42 ng/ml) (14) . Raising 25(OH)D to these levels usually increases calcium absorption in healthy persons ingesting typical calcium intakes (14, 15) , but there is much less known about the effect on calcium absorption in patients with CKD.
This study examines the effect of cholecalciferol supplementation on calcium absorption in stage 5 CKD patients on hemodialysis.
Materials and Methods

Design
This was an open-label study of oral cholecalciferol with paired calcium absorption tests done at baseline and after 12-13 weeks of weekly doses of oral cholecalciferol in participants with stage 5 CKD requiring maintenance hemodialysis. This trial was registered at clinicaltrials.gov on January 17, 2011 (NCT01325610).
Participants
Forty-seven patients were screened from three hemodialysis centers located in Omaha, NE (latitude 41.2°N). Patients were included if they had been receiving hemodialysis for more than 3 months. The dialysate calcium concentration was kept consistent throughout the study at 2.5 mEq/L or 1.25 mmol/L. Vitamin D status was not a criterion for participation. Patients were excluded if they were pregnant or planned to become pregnant, were hypercalcemic (.10.2 mg/dl) at baseline, had chronic gastrointestinal disease, had liver dysfunction, were taking steroids, had received any investigational drugs within 4 weeks, had an allergy to vitamin D 3 , or had chronic vitamin D intake .1,000 IU daily. Peritoneal dialysis patients were excluded.
Ten participants declined to enroll. Thirty-seven participants (18 women and 19 men) provided signed written informed consent approved by the Creighton University Institutional Review Board in adherence to the Declaration of Helsinki; 2 participants dropped from the study before visit 1, 2 participants received renal transplants during the study, 2 participants died from causes unrelated to the study, and 1 subject dropped from the study for personal reasons, leaving 30 participants with paired data for analysis (13 women and 17 men).
Intervention
The study was conducted from April to December of 2011. One time per week for 12-13 weeks, at the time of dialysis, participants received an oral dose of 20,000 IU cholecalciferol. Ingestion was observed by study staff, ensuring 100% compliance. The cholecalciferol was an over-the-counter product (oil-based capsule preparation commercially available as Maximum D 3 , cholecalciferol 10,000 IU per capsule, 0.25 mg; BTR Group, Inc., Pittsfield, IL). The cholecalciferol was analyzed independently by Heartland Assays, Inc. (Ames, IA) and found to contain 9685+391 IU per capsule.
Protocol
At baseline, before starting a hemodialysis session, venous blood was drawn for serum calcium, phosphorus, 25(OH)D, 1,25(OH) 2 D, and parathyroid hormone (PTH). A calcium absorption test was performed the next day. Oral cholecalciferol was then given weekly for a total of 12-13 doses. Blood was drawn for repeat 25(OH)D, PTH, calcium, and phosphorus on days 7, 21, 35, 55, and 69 and on the day before the second calcium absorption test. Blood was also drawn for repeat 1,25(OH) 2 D on the day before the second calcium absorption test. The second calcium absorption test was done 1 week after the last cholecalciferol dose was given. All blood was drawn before the next dose of cholecalciferol was given (at the nadir) and directly before the start of a hemodialysis session. Twenty-seven participants were receiving phosphorus binders throughout the study. The six participants who were receiving calcium acetate as a phosphorus binder were switched to sevelamer carbonate for 6 weeks before the start of the protocol.
Calcium Absorption Test
On each day of testing, the fasting participant came to the center and was given a light breakfast consisting of two or three pieces of low calcium bread, toasted and buttered, together with coffee or tea with artificial sweetener (if desired). Halfway through the meal, the participant ingested the calcium test load consisting of 0.75 g calcium carbonate (300 mg elemental calcium) in a capsule intrinsically labeled with 9.1 mCi 45 calcium ( 45 Ca). The time of swallowing the test source was counted as time zero, and the subsequent blood sample was taken relative to that time. The subject had exactly the same meal at the second calcium absorption test. The subject was restricted to drink only ionized water provided by our center during the calcium absorption testing. At the first calcium absorption test, blood was drawn at 5 hours after ingestion of the 45 Ca for measurement of serum calcium-specific activity. At the second calcium absorption test, blood was drawn at baseline and 5 hours after ingestion of the 45 Ca for measurement of serum calcium-specific activity.
Calcium Labeling
The intrinsically labeled calcium carbonate was prepared in our laboratories by adding high-specific activity 45 Ca chloride (Perkin Elmer Life Sciences, Waltham, MA) to a solution of Ca chloride hexahydrate dissolved in water, precipitating the carbonate salt with sodium carbonate dissolved in water, washing, filtering, and drying the resultant precipitate, and manually loading the powder into individually weighed gelatin capsules. 45 Ca activity and calcium content were verified by analysis.
Analytical Methods
Serum 45 Ca-specific activity was measured by liquid scintillation counting (Packard Tri Carb Liquid Scintillation Counter, Model 1900TR; Perkin Elmer Life Sciences). 45 Ca was measured against standards prepared from quadruplicate aliquots of the stock tracer solution. Serum 25-hydroxyvitamin D levels were measured by a Liaison instrument (DiaSorin, Inc., Stillwater, MN) using a chemiluminescent assay, which measures total 25(OH)D [i.e., the sum of 25(OH)D 2 and 25(OH)D 3 ] with a within-assay coefficient of variation of 2.6%. Our research laboratory facilities participate in the Vitamin D External Quality Assessment Scheme for vitamin D measurement. Intact PTH (hPTH 1-84) was measured by immunoradiometric assay using the DiaSorin N-tact PTH SP IRMA kit (DiaSorin Inc., MN) in our research laboratory. Serum 1,25 (OH) 2 D was measured using competitive radioimmunoassay as previously described (16) at Heartland Assays, Inc. (Ames, IA). The inter-and intra-assay coefficients of variation for this assay are 12.6% and 9.8%, respectively. The laboratory normal reference range is 30-50 pg/ml. Serum calcium and phosphorus were measured by a Beckman Coulter DXC 600-I autoanalyzer (Beckman Coulter, Inc., Brea, CA) in the medical laboratory of Creighton University.
Statistical Analyses
Fractional absorption at 5 hours was calculated using the following method previously reported and validated by Heaney (17) . Fractional absorption is estimated from the tracer content of the calcium in the 5-hour blood sample according to the following algorithm: 2 D, and baseline and final calcium absorption fraction correlations were examined using Spearman correlation. Both calcium absorption fractions were compared between those participants who were on vitamin D analogs and those participants who were not, between those participants with and without diabetes, and between those participants on a gastric acid suppressor (proton pump inhibitor or acid blocker) and those participants who were not using a Mann-Whitney U test.
Results
Participants
Thirty participants (seventeen men and thirteen women) completed the cholecalciferol supplementation regimen and both calcium absorption tests. Their median (IQR) age was 53.6 (45.8-65.4) years. Table 1 shows participants' demographics. Participants had been on maintenance dialysis for an average of 4.5 years. The reasons for renal failure were 8 participants (27%) had diabetic nephropathy, 15 participants (50%) had hypertensive kidney disease, and 7 participants (23%) had other types of kidney disease. Twenty-three participants (77%) were on a calcitriol analog throughout the study (intravenous doxercalciferol). Thirteen participants (43%) were on gastric acid suppressor therapy throughout the study. Eighty percent of the participants reported their race as African American, and one third were diabetic.
Laboratory Data
25(OH)D. At baseline, 24 participants (80%) had 25 (OH)D levels,20 ng/ml, and 28 participants (93%) had 25 (OH)D levels,30 ng/ml (Table 2) . Five participants (17%) had 25(OH)D levels less than 10 ng/ml. Median 25(OH)D levels were 14.2 ng/ml (11.5-18.5) at baseline and rose to 49.3 ng/ml (42.3-58.1) at the end of study (P,0.001, Wilcoxon signed ranks test). All participants responded to supplementation with a rise in 25(OH)D, reaching levels.25 ng/ml, and most participants (28) 
Calcium Absorption
The median (IQR) FxAbs was 12% (7-17) at baseline and 12% (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) at the end of study ( Table 2 ). The median withinsubject change was 0.01% (20.05-0.03). There were no statistically significant differences in FxAbs at either time point between those participants who were on a vitamin D analog throughout the study and those participants who were not, between those participants with or without diabetes, between those participants on a gastric acid blocker and those participants who were not, or between racial groups. The second FxAbs was positively correlated with the baseline FxAbs (Spearman-r, R=0.621, P,0.001). There were no correlations between either FxAbs and 25(OH)D levels at baseline or end of study or between either FxAbs and 1,25 (OH) 2 D levels at baseline or end of study.
Other Laboratory Values
There were no statistically significant changes in serum calcium, albumin, calcium corrected for albumin level, phosphorus, or PTH from baseline to the end of study.
Discussion
This study shows that raising 25(OH)D to levels that are acceptable in healthy participants has no effect on calcium absorption in stage 5 CKD patients on chronic hemodialysis conducted according to current protocols. This result is despite raising 1,25(OH) 2 D to levels similar to those levels reported in other studies of response to vitamin D in hemodialysis (11,13). To explain this finding, it may be helpful to review calcium homeostasis in the dialysis patient. The dialysis patient has very few outlets for calcium loss (i.e., they are not regulating calcium balance through their kidney, and many are not very physically active; therefore, little calcium is lost in sweat). A small amount (200 mg) will be lost in gastrointestinal secretions (19) or through efflux during dialysis, although in studies of the dialysate calcium concentrations used in this study (2.5 mEq/L or 1.25 mmol/L), there is either no transfer of calcium (20) or a small transfer of 100-200 mg elemental calcium to the patient per dialysis session (21) . As in a healthy person, calcium input will be derived from the gastrointestinal tract and bone. Although the patient cannot respond to high PTH levels with increased 1,25(OH) 2 D production and increased active calcium absorption, they can respond with an increase in calcium influx from bone resorption (22) .
Why did increasing 25(OH)D and 1,25(OH) 2 D levels have no effect on calcium absorption in this study? There could be several explanations. (1) The doxercalciferol that the majority of the participants takes could have increased calcium absorption to the maximum possible, and adding cholecalciferol had no additional effect on calcium absorption. We find this reason unlikely, because all participants had low calcium absorption at baseline regardless of their use of a calcitriol analog and adding cholecalciferol did not change calcium absorption in either group. (A healthy person will have absorption of about 34% under these conditions [23] .) Therefore, this explanation is not satisfactory. (2) The vitamin D receptor expression is downregulated by low 1,25(OH) 2 D, high PTH, or both (24, 25) ; therefore, much higher 1,25(OH) 2 D concentrations are required to achieve calcium absorption than could be achieved by reasonable cholecalciferol supplementation. (3) There is inhibition of calcium absorption because of something specific to uremia (metabolic acidosis for example) (26) . The second and third explanations are the most plausible. A similar explanation could explain the lack of effect on PTH (i.e., much higher levels of 1,25(OH) 2 D or its analog are needed to decrease PTH secretion).
In interpreting these calcium absorption results, it is important to know that, under these conditions of a physiologic, meal-sized calcium load taken with a meal, the absorption in a healthy person is 25%-40%, with some variability between individuals (23). This method only measures the unidirectional flow of calcium from the gut to the bloodstream, and it makes no provision for flow of calcium from the body through digestive enzymes or sloughed off cells. Net absorption, taking into account both absorption and calcium loss, results in a net absorption of ;10% in healthy persons. In this study and previous studies of dialysis patients (27) , we see percent calcium absorption values that are very low, and we see no response to vitamin D or doxercalciferol. The most probable interpretation is a defect in the mucosal response to vitamin D.
Historically, renal patients on hemodialysis have been reported to have poor calcium absorption, similar to the levels that we observed (28) (29) (30) (31) . These absorption levels (;15%) are in the range usually attributed to passive calcium absorption alone. To put this finding into perspective, healthy persons absorb ;34% of the calcium load in these conditions (23) . In one older study of renal disease, calcitriol increased calcium absorption in patients with chronic renal disease on hemodialysis (9), but this effect was not reproduced in a recent study comparing calcitriol with paricalcitol (27) . Although calcitriol is clearly associated with hypercalcemia in dialysis patients, it cannot be assumed this result is a result of increased calcium absorption. The calcium may also be coming from bone as 1,25 (OH) 2 D stimulates osteoclast bone resorption in vitro (32, 33) . It is also possible that 1,25(OH) 2 D changes the physical-chemical equilibrium at the bone surface by acting on the bone lining cells.
An older study of calcifediol [25(OH)D] in pharmacologic doses that increased 25(OH)D levels to .250 ng/ml, increased calcium absorption significantly, but 1,25(OH) 2 D measurements were not available, and it is unknown how much of the effect on calcium absorption was caused by a direct effect of 25(OH)D versus the presumed increase in 1,25(OH) 2 D levels (30,34) . Interestingly, another study The strengths of this study are that we had a population of CKD patients who were clearly vitamin D-deficient at baseline, we had 100% compliance with the vitamin D supplementation, we had clear vitamin D repletion in all participants, the calcium dose used was representative of the calcium load that would be eaten during a meal, and we raised 1,25(OH) 2 D levels as well as 25(OH)D levels. The main limitation of this study was that we did not collect dietary information during the study. Although we did limit calcium supplementation and the participants were instructed to limit dairy foods, the participants may have been noncompliant. We had limited power to detect differences in absorption between various subgroups of patients. A larger study would be needed to find if any differences exist between subgroups of patients. Although this study was done in patients typical of our population of dialysis patients, it does not apply universally to patients on different calcium binding regimens, calcitriol, or other calcitriol analogs. Although we showed that concurrent use of doxercalciferol had no effect on the change in calcium absorption, the effects of additional vitamin D supplementation in a person receiving calcitriol may be entirely different. It has been hypothesized that both 1,25 (OH) 2 D and 25(OH)D are needed for calcium absorption (36) . Additional studies should be done on calcium absorption in the setting of calcitriol, other analogs, and other dialysate calcium concentrations. Also, our participants did not use calcium-based phosphorus binders. Although using calcium-based binders would have had a null effect on our study by eliminating the need for additional calcium and calcium absorption, the long-term effects of combining high doses of calcium based phosphorus binders and cholecalciferol supplementation are unknown.
In conclusion, patients with stage 5 CKD on hemodialysis had very low calcium absorption values at baseline, and cholecalciferol supplementation that raised 25(OH)D levels to 50 ng/ml had no effect on calcium absorption. Long-term studies on the effects of vitamin D supplementation on clinical outcomes in the dialysis population are needed.
